We investigated the changes of heme coordination in purified soluble guanylate cyclase (sGC) by time-resolved spectroscopy in a time range encompassing 11 orders of magnitude (from 1 ps to 0.2 s). After dissociation, NO either recombines geminately to the 4-coordinate (4c) heme (τ G1 = 7.5 ps; 97 ± 1% of the population) or exits the heme pocket (3 ± 1%). The proximal His rebinds to the 4c heme with a 70-ps time constant. Then, NO is distributed in two approximately equal populations (1.5%). One geminately rebinds to the 5c heme (τ G2 = 6.5 ns), whereas the other diffuses out to the solution, from where it rebinds bimolecularly (τ = 50 μs with [NO] = 200 μM) forming a 6c heme with a diffusion-limited rate constant of 2 × 10 8 M
We investigated the changes of heme coordination in purified soluble guanylate cyclase (sGC) by time-resolved spectroscopy in a time range encompassing 11 orders of magnitude (from 1 ps to 0.2 s). After dissociation, NO either recombines geminately to the 4-coordinate (4c) heme (τ G1 = 7.5 ps; 97 ± 1% of the population) or exits the heme pocket (3 ± 1%). The proximal His rebinds to the 4c heme with a 70-ps time constant. Then, NO is distributed in two approximately equal populations (1.5%). One geminately rebinds to the 5c heme (τ G2 = 6.5 ns), whereas the other diffuses out to the solution, from where it rebinds bimolecularly (τ = . In both cases, the rebinding of NO induces the cleavage of the Fe-His bond that can be observed as an individual reaction step. Saliently, the time constant of bond cleavage differs depending on whether NO binds geminately or from solution (τ 5C1 = 0.66 μs and τ 5C2 = 10 ms, respectively). Because the same event occurs with rates separated by four orders of magnitude, this measurement implies that sGC is in different structural states in both cases, having different strain exerted on the Fe-His bond. We show here that this structural allosteric transition takes place in the range 1-50 μs. In this context, the detection of NO binding to the proximal side of sGC heme is discussed.
soluble guanylate cyclase | nitric oxide | time-resolved absorption spectroscopy | allostery | protein activation T he soluble guanylate cyclase (sGC), localized in many different cell types, is the receptor of the endogenous messenger nitric oxide (NO) and catalyzes the formation of cGMP from GTP upon activation triggered by NO binding (1, 2) . The diatomic messenger NO and sGC play a critical role in several physiological processes: regulation of vascular blood pressure and cardiovascular diseases (3), lung airway relaxation and pulmonary pathologies (4) , immune response and inflammatory disorders (5) , and tumor progression and apoptosis (6) . Thus, sGC is a pharmacological target of very high interest, and several activators have been developed (7, 8) , leading to the approval of riociguat for the treatment of pulmonary hypertension (9, 10) . Because of its pharmacological interest, the mechanisms of activation, deactivation, and regulation of sGC must be deciphered at the molecular level. Despite numerous efforts, the 3D crystal structure of heterodimeric sGC remains unknown, but the heme domain of the sGC β1-subunit [called heme NO/oxygen-binding (H-NOX)] was modeled from the heme domain of bacterial NO sensors (11, 12) and the sGC catalytic α1-subunit was modeled from the catalytic α1-subunit of adenylate cyclase (13) . Recently, the entire quaternary structure of sGC was reconstructed by inserting individual protein domains into the density envelope of entire single-sGC molecules observed by EM (14) , revealing a high flexibility of the sGC dimer. Subsequently, the structural perturbations induced by NO binding were mapped at the domain interfaces (15) . In the past decade, a diversity of molecular models and regulatory models have been proposed (16) (17) (18) (19) (20) (21) (22) (23) , with some including structural hypotheses and involving or not involving the hypothetical NO binding to the proximal heme side (vs. distal NO binding).
The heterodimeric sGC (∼150 kDa) comprises a regulatory domain in the β-subunit that contains the prosthetic heme group for NO binding, which activates the synthesis of cGMP from GTP, whereas the interface between the C termini of both α-and β-subunits harbors the GTP-binding catalytic site, remote from the heme domain (Fig. 1) . The first internal molecular event correlated with sGC activation is the cleavage of the hemeproximal His covalent bond induced by NO binding (24) . This event triggers the structural allosteric changes within the protein that induce the increase of catalytic activity. Because the sensing heme domain and the catalytic site are separated by a helical domain (15) , there are necessary structural changes for "crosstalk" between both, mediating the allosteric regulation. The NO concentration dependence of NO binding (16) and the modulation of the sGC activity by nucleotides (21) , together with the possibility of its activation by artificial compounds (7), illustrate the complexity of sGC regulation when interacting with its messenger NO.
One critical aspect for understanding this allosteric mechanism is the identification of structural transitions and intermediate species, which must be addressed by time-resolved techniques. We have previously observed that after NO dissociation from the heme (25, 26) , NO recombines geminately to the reactive 4-coordinate (4c) heme with a very high probability (97% of dissociated NO with time constant τ = 7.5 ps). However, the dynamics of the 3% NO population that does not rebind geminately have not been identified so far. Here, we focused on the transitions occurring after NO has left the heme pocket of sGC. We investigated the dynamics of the heme coordination by time-resolved absorption spectroscopy in a time range Significance Soluble guanylate cyclase is the mammalian endogenous nitric oxide (NO) receptor that controls numerous signaling physiological processes. Time-resolved spectroscopy allowed us to probe the dynamics of the heme coordination after NO release and binding. After photodissociation of NO, all heme transitions are identified within the time range of 1 ps to 0.2 s, notably the bond breaking and reformation between the heme iron and proximal His, which are major events for the activation/deactivation processes. It is thus possible to demonstrate that the structural allosteric transition occurs in the time range 1-50 μs, which remarkably matches the time range observed for hemoglobin, the prototypic protein for allostery. These findings relate not only to NO signaling but also to general allostery in heme proteins.
encompassing 11 orders of magnitude, from 1 ps to 0.2 s. Methodologically, the photodissociation of the ligand NO from the heme with a fast laser pulse allows one to displace the equilibrium and to simulate the thermal release of NO. Then, because NO can either rebind immediately from within the heme pocket or migrate within the protein core and eventually to the solution, from where it may rebind at a longer time, we could monitor each of the intermediate states of the heme during the dynamics of NO from the solution to the heme by exploring 11 time decades. We report the heme iron coordination dynamics triggered by NO release and binding, and we have identified the subsequent transitions, including the time range Table S1 . The averaged time constants were τ 1 = 7.5 ± 0.5 ps, τ 2 = 70 ± 10 ps, and τ 3 = 5,600 ± 500 ps. In the three windows, the time intervals between transient spectra were 2 ps, 22.5 ps, and 180 ps, respectively. Because of the 2-ps time interval in the first window, it was not necessary to add a fourth component to take into account the excited state decay of the heme, which is usually τ ex = 2.5-3.5 ps. (D) Comparison of normalized transient spectra at +6 ps and +100 ps after NO dissociation, with the equilibrium difference (5c-His minus 5c-NO) revealing the difference in transient processes. The equilibrium difference with 6c-NO myoglobin is also compared. diff., difference.
of the allosteric transition between the activated and resting states of sGC.
Results
Rebinding of Proximal His to the 4c Heme After NO Release from the Heme Pocket. We first recorded the heme dynamics after NO photodissociation on a 5-ns time scale with a subpicosecond resolution (Fig. 2 ). After addition of NO into the cuvette, sGC becomes 5c-NO within seconds (16, 27) and no 6c-NO heme remains ( Fig. 2A) . This 5c-NO species is the starting state in our measurements. The dissociation of NO yields a 4c heme, as observed by the bleaching at 397 nm (Fig. 2B ) to which NO geminately rebinds without energy barrier from within the heme pocket with τ gem = 7.5 ps (25, 26) , a property observed in other 4c heme proteins (28, 29) . Accordingly, the induced absorption centered at 428 nm due to the 4c heme decreases rapidly, and a new maximum appears, centered at 433 nm, meaning that a second species was formed and decays more slowly. The kinetics at specific and discrete wavelengths (Fig. 2C ) were fitted to obtain the time constants (Table S1 ). Because a single exponential did not yield a satisfactory fit, we used a sum of two or three exponential terms, and the dependence of their amplitudes upon the wavelength allowed the assignment of the transitions to specific processes. The evolution of transient spectra (Fig. 2B) clearly discloses a shift of induced absorption from 428 to 433 nm. The comparison of difference transient spectra at +6 ps and +100 ps (Fig. 2D ) readily differentiates NO rebinding and His rebinding, both to the 4c heme. The spectrum at +100 ps discloses bleaching centered at 412 nm that corresponds to the blue side of the absorption spectrum of 4c heme, whereas its induced absorption at 433 nm is due to the 5c-His heme, as inferred from the overlap of its edge with the steadystate difference above 430 nm (Fig. 2D) . Therefore, the transient spectrum at +100 ps is assigned to the rebinding of the proximal His (His 105 ) to the 4c heme, exactly as we have observed in the case of the bacterial NO-binding cytochrome c′ (30) . This rebinding occurs with a time constant τ His = 70 ± 10 ps, one order of magnitude larger than NO geminate rebinding. Importantly, the recovery of the 5c-His state of heterodimeric sGC should not be interpreted as a fully relaxed protein because structural changes between subunits take place on a much slower time scale (Discussion).
Are there components slower than NO geminate and His rebinding dynamics? Indeed, the induced absorption centered at 433 nm further decays up to 5 ns with a third time constant fitted to τ 3 = 5.6 ± 0.6 ns (Table S1 ). It is loosely defined here because it is similar to the measured time scale (but see below). Because the Fe-His has been reformed, we assign this decay to NO rebinding to the 5c-His. However, this time constant is much larger than those time constants measured for geminate rebinding of NO to 5c-His from within the heme pocket of myoglobin, hemoglobin, and dehaloperoxidase (31) . In sGC, NO is expected to have already escaped the heme pocket after several nanoseconds but not to have diffused to the solvent, so that τ 3 must reflect rebinding from the protein core.
Nanosecond to Second Dynamics After NO Dissociation: NO Rebinding Phases and Heme Iron-His Bond Cleavage. The above observation that 4c heme does not remain after ∼100 ps and that a small amount (∼1.5-2%) of 5c-His has been reformed, to which NO may rebind geminately, prompted us to investigate the subsequent heme transitions possibly occurring in a broader time range. Because the population to be probed is very small (3-4%) with respect to the initially photodissociated nitrosylated sGC population, we have used a spectroscopic system (32) that ensures the detection of signal variations as low as ΔOD/OD < 10
The kinetics in a very broad time range (from 1 ns to 0.2 s; Fig.  3A ) at eight different wavelengths first display a peak whose intensity is higher at 435 nm and which corresponds to the fast formation of 5c-His sGC after NO photodissociation. This assignment is supported by the transient signature of the initial peak, whose maximum absorbance among the eight kinetics is located at 435 nm. The initial rise of the signal is due to the convolution of the 6-ns laser pulse with the protein response upon NO photodissociation within the pulse width and is the same at any wavelengths and for any protein (Fig. S1 ). It must be emphasized that because the NO geminate recombination to the 4c heme is ultrafast (τ gem = 7.5 ps), numerous cycles of photodissociation/recombination can occur for the same molecules during the 6-ns pulse used. This phenomenon, already observed for cytochrome c′ (28, 33) , results in a higher apparent dissociation yield so that kinetics in subsequent decades appear with a higher amplitude relative to the initial peak than in measurements using a femtosecond excitation pulse (Fig. 2C ). This larger yield is an advantage for detecting the small signal that remains at 5 ns, as observed in the previous time range (1 ps to 5 ns), so that we can clearly separate all transitions in these kinetics. The repetitive dissociation/recombination cycles induce an initial peak response that contains both NO dissociation and His 105 rebinding, which thus leads to a larger population of reformed 5c-His species. We note that exciting the protein with a 6-ns pulse may only increase the probability of NO dissociation and that the 532-nm pulse is subsaturating. It does not induce a large excess of energy in the heme once the ligand is dissociated, and the thermal relaxation of the heme occurs rapidly in ∼4 ps (25) without interfering with the physiologically relevant processes. Furthermore, by exciting the 5c-His sGC in the absence of NO, we have verified that the dissociating pulse at 532 nm cannot induce the photodissociation of the proximal His (25), and thus cannot perturb the physiological His dynamics. The temporal profile of the initial peak, which is the convolution of excitation and probe pulses, was fitted to a Gaussian function whose width is the width of the laser pulses (Fig. 3B) , and the maximum of this Gaussian determines the time origin in the subsequent analysis in Fig. 3 C and D.
After Δt = +3 ns following the peak maximum, a decay departs from the temporal profile of the Gaussian pulse shape, which is easily distinguished at wavelengths of 430-445 nm ( Fig. 3 B and  C) . This starting decay is simultaneous to an absorbance increase at wavelengths of 410-420 nm (Fig. 3D) and is followed by a complex evolution of the signal. The kinetics after the initial pulse were globally fitted to a sum of four exponential components (obvious at 410-420 nm), as indicated in Fig. 3 C and D, corresponding to transitions of the heme coordination. All of the parameters of the fits are indicated in Table S2 .
The first transition, with time constant τ 1 = 6.5 ± 1 ns, discloses simultaneously a pronounced decay at 430-445 nm due to the disappearance of 5c-His heme and an absorbance increase at 410-420 nm due to the appearance of 6c-NO heme. We therefore assigned this transition to geminate rebinding of NO present within the protein core to reformed 5c-His heme accumulated during the excitation pulse. This transition, seen here as a steep slope, has a spectral signature corresponding to the spectral signature observed on the previous time scale as a long-tailing slope with τ = 5.6 ns and a small amplitude (Fig. 2C) . Both the time constant and spectral feature measured for this transition, assigned to NO geminate rebinding in 5c-His → 6c-NO, nicely agree between the picosecond-nanosecond (ps-ns) and nanosecond-millisecond (ns-ms) datasets. We can reliably connect the sequence of events observed in the ps-ns time scale with the sequence of events observed in the ns-microsecond-ms time scale despite the different photodissociation yields in both cases.
The following transition discloses simultaneous decays at 430-445 nm (less pronounced than in the preceding one) and at 410-420 nm, which are diagnostic of the disappearance of 6c-NO heme earlier formed with τ 1 . It follows NO binding in the se-quence of events, and we assigned this transition to the conversion 6c-NO → 5c-NO due to proximal His release with a time constant of τ 2 = 0.66 μs. The third transition (τ 3 = 0.25 ms with [NO] = 20 μM) is about 250-fold slower. Again, it displays a decay at 430-445 nm, characteristic of the disappearance of 5c-His heme, with a simultaneous absorbance increase at 410-420 nm reflecting the appearance of 6c-NO heme. We thus assigned it to NO binding to 5c-His, as a bimolecular process with NO diffusing from solution and not geminately, however. The last and final transition (τ 4 = 43 ms) is assigned to the conversion 6c-NO → 5c-NO due to proximal His release after bimolecular binding, which is not completed on this time range ending at 0.2 s, as previously observed (16, 27) . All these assignments are further strengthened by the fact that in the kinetics at 425 nm (Fig. 3D) , the τ 1 and τ 3 transitions appear with very low amplitudes, as expected when probing at a wavelength very close to the isobestic point, located at 423-424 nm between the spectra of resting 5c-His sGC and transient 6c-NO sGC as determined from stopped flow (16, 34) .
These data clearly separate the geminate rebinding of NO being located within the protein core through a first-order process from the bimolecular rebinding of NO from the bulk solution, which has been probed from 1 ms to tens of seconds by stopped flow (16, 27) ) using a one-site model (35) . Given the concentration that we used ([NO] = 20 μM), the conversion 6c-NO → 5c-NO occurs with a time constant (τ 4 = 43 ms) that agrees with stopped-flow measurements [∼25 ms with 20 μM NO (23) and ∼300 ms with 6.6 μM NO (16)]. We note that τ 4 is located on the tail of the kinetics, and is thus less accurately determined than the other transitions. The kinetics did not reach the baseline at 0.2 s with [NO] = 20 μM and a stoichiometric sGC/NO ratio = 1, in agreement with measured or extrapolated stopped-flow data (16, 27) . Additional transitions, which depend upon the sGC/NO ratio, may occur in a longer time range (5-10 s) and linked to the desensitization of sGC (23), but they are not addressed here.
When increasing the NO concentration from 20 to 200 μM (Fig. 4) , the time constant τ 3 decreased from 250 μs to 50 μs, supporting our assignment of τ 3 to bimolecular rebinding of NO to 5c-His sGC. The increase is fivefold and not 10-fold (yielding an apparent reaction order lower than 2), implying that the bimolecular rebinding rate has most probably reached a kinetic limit for the diffusion in the solvent and/or through the protein access pathway. Such a high rate can only be attained if the distal heme pocket is opened, so that its access does not involve indirect tunnels that would result in high-energy barriers. that nicely agree with the value measured by stopped flow (1.0 ± 0.3 × 10 6 M −1 ·s −1 ) (34). Contrastingly, the time constants τ 1 and τ 2 are not changed by the increased NO concentration within the experimental error, in agreement with our assignment to the geminate NO rebinding process.
Saliently, we found that the same coordination change, namely, the conversion of 6c-NO → 5c-NO, can take place with two very different time constants (τ 2 = 0.6 μs and τ 4 = 10 ms). These transitions were observed as individual steps not kinetically limited by a preceding structural event, implying that we observed two different conformational states of the 6c-NO species. This observation calls for the occurrence of a structural relaxation, which is discussed below.
Discussion Heme Transition Phases, NO Dynamics, and Consequences of His
Rebinding. All of the observed transitions are listed in the Table 1 , together with their corresponding rates. This complete identification allows us to picture the full sequence of individual transitions, from photodissociation of NO to its rebinding from solvent and the reformation of the 5c-NO activated state, which has several implications that we discuss now. First, following photodissociation of NO, only two transitions take place in the picosecond range, the rebinding of either NO or His 105 to the 4c heme with very fast rates. The very fast rebinding of His 105 (τ His = 70 ps) closes the proximal site, and thereby absolutely prevents the binding to the 4c heme of NO diffusing from the solution in the upper microsecond range. This phenomenon rules out that NO binding to the 4c heme depends upon NO concentration, as proposed in some models (36) . Any subsequent slower geminate rebinding of NO (>100 ps) must involve the 5c-His heme lead to the 6c heme with NO bound to the distal side (as occurs for bimolecular rebinding). This event is precisely what we observed to take place with a time constant of τ 1 = 6.5 ns, a transition that is the followed by the Fe-His bond cleavage. As shown in Figs. 3 and 4 , the subsequent conversion 6c-NO → distal 5c-NO does not depend upon NO concentration (τ 2 = 0.6 μs at both 20 μM and 200 μM NO), in accord with the fact that another NO molecule cannot diffuse from solution in this short time range, so that the 5c-NO species formed with τ 2 must remain distal. Should a conversion to a proximal 5c-NO species occur after τ 2 with binding of NO from solution, it would take place on a longer time range and in a diffusion-controlled manner.
The induced absorption at 100 ps corresponds to the static 5c-His spectrum above ∼430 nm (Fig. 2D) . However, this fact does not mean that the photolyzed sGC has already relaxed to the allosteric resting state, because the Soret absorption evolution probes, stricto sensu, the coordination changes of the heme iron (or changes of the heme planarity). We emphasize with this experiment that the recovery of the 5c-His sGC state is not equivalent to the recovery of the allosteric resting state, in which the cGMP synthesis is inhibited.
The 4c heme is a highly reactive species, as evidenced by the rates of NO and His 105 recombination (1.3 × 10 11 s −1 and 1.4 × 10 10 s −1 , respectively). Because it has been shown that the position of the heme Fe atom does not have an impact on the rate of NO geminate rebinding, either to the 4c heme (28) or to the 5c-His heme (31), we attribute this high reactivity to its electronic configuration. Indeed, our transient Raman spectroscopy studies have suggested that the 4c transient heme is a high-spin species with single-electron occupancy of both d(z 2 ) and d(x 2 − y 2 ) orbitals (28) . Whereas NO geminate rebinding experiences no energy barrier, the very small energy barrier for His 105 rebinding is most probably due to the rotation of the side chain, which accounts for the 10-fold larger time constant τ His = 70 ps. The fact that the ratio of NO and His rebindings is not determined by their respective kinetic constants indicates that they do not, strictly speaking, compete for binding to the heme. This observation is in accord (albeit not a proof) with NO binding to the proximal heme side (33, 34, 37) , implying that NO must leave the heme pocket to release steric hindrance preventing His rebinding, which is controlled by a rotational energy barrier.
After the 5c-His heme is reformed, the subsequent NO rebinding occurs two orders of magnitude more slowly (τ 1 = 6.5 ns) without any component in the 100-to 200-ps time range, as found for the globin family (31) , or in the 200-to 400-ps time range for endothelial NO-synthase (38) . However, nanosecond NO rebinding components were already observed in the case of NO-synthase (38) and have been assigned to NO already present within the protein access pathway from solvent. In line with this previous result, we assign the 6.5-ns component reported here to NO that has moved out of the sGC heme pocket but has remained within the access pathway between heme and solvent. All observed coordination transitions are summarized in a model of heme dynamics in Fig. 5 .
We captured here the primary formation of 6c-NO from the resting state 5c-His sGC in 50-250 μs, which has escaped detection so far. We must emphasize that in such measurements performed over nine orders of time magnitude, the geminate and bimolecular processes do not probe the same population of molecules, so that the resting state 5c-His does not appear for the geminate population.
Detection of NO Binding to the Proximal Heme Side. After binding of NO from solution to form the 6c-NO species (Fig. 5B) , the cleavage of the Fe-His bond is concentration-dependent (16, 39) (Figs. 3 and 4) . This fact led to the proposal that a second NO molecule may interact with the formed 5c-NO heme. Indeed, since the discovery by X-ray crystallography that NO binds to the proximal heme side in AXCP (Alcaligenes xylosoxidans cytochrome c′) (37), numerous models of guanylate cyclase activation have been proposed, which include the binding of NO to the proximal heme side (16) (17) (18) (19) (20) (21) 36) despite the fact that it has escaped direct observation so far in sGC. Recently, the structure of a bacterial domain H-NOX in a nitrosylated state has been resolved with NO bound to the proximal side (40) , which reinforces the hypothesis of proximal binding in sGC. Contrastingly, only one experiment to date, based on EPR and isotopic NO detection (34) , has provided an indication that this proximal location for NO may indeed occur in sGC, even though, after the fast geminate rebinding in the picosecond range, we did not assign any of the four subsequent transitions to proximal binding because of their spectral characteristics. However, we must discuss this possibility and assess how it may be integrated into our present picture.
One nanosecond after NO dissociation, only two species remain: the reformed 5c-NO (Fig. 5C ) due to picosecond NO geminate recombination and 5c-His due to His rebinding (Fig.  5E) , with both being formed with the 4c heme as an intermediate. Due to the high reactivity of the 4c heme, NO geminate rebinding is ultrafast (7.5 ps) and necessarily occurs to the same heme side from which NO was photodissociated (it is not known whether it is distal or proximal). As for the 5c-His heme, it leads to the 6c-NO species (Fig. 5 E and F) either by geminate rebinding (6.5 ns) or by bimolecular rebinding (50-250 μs; Fig. 5 A and B), followed by Fe-His 105 bond breaking by trans-effect (0.66 μs and 10-43 ms, respectively). Due to its NO concentration dependency, the proximal NO binding to the distal 5c-NO species (hypothetically replacing His 105 ) is limited by diffusion and would occur in the time range of 0.1 μs to 0.1 ms (i.e., the window between the geminate and bimolecular Fig. 5 . Model describing the species involved in these experiments. The species involved are 5c-His sGC in the resting state (A); 6c-NO sGC in the resting state (B); 5c-NO sGC (C); 5c-NO sGC in the activated state (C′); 4c sGC after NO dissociation (D); 5c-His sGC in the activated state, immediately after His 105 rebinding (E); 6c sGC in the activated state, immediately after NO geminate rebinding (F); and 5c-His sGC in the activated state, with NO having left the protein core (G). The value highlighted in green adjacent to the letter label is the Soret maximum wavelength of the species, and the asterisk at the right bracket denotes the activated state of sGC (in the green box). The starting species of the kinetic measurements is shown in C. The time constants indicated are those time constraints measured in the present experiments. The corresponding rates are indicated in Table 1 . In D, NO is located within the heme pocket, whereas in D′ and E, NO is located in another docking site in the protein. rebindings, during which no supplementary phase was detected) (Fig. 3 C and D) .
In AXCP, the proximal 5c-NO complex forms via a dissociative mechanism with a dinitrosyl intermediate species formed after the dissociation of proximal His (39) . Both distal and proximal NO-heme should have the same absorption spectrum and cannot be distinguished, so that the process could be detected by electronic absorption only by probing the transient dinitrosyl heme [heme]-(NO) 2 . The equilibrium [heme]-NO + NO ↔ [heme]-(NO) 2 has a dissociation constant of ∼2 M at 298 K (39, 41) , so that the dinitrosyl species have a very short lifetime at low [NO], certainly smaller than 0.1 ms, which remains to be measured independently. This short dinitrosyl lifetime would preclude distinguishing it from the formation of the distal 5c-NO (10 ms) associated with the slow Fe-His bond breaking. It would thus escape detection, and so would the proximal 5c-NO formation after bimolecular rebinding.
On the other hand, 6c-NO is formed in 6.5 ns by geminate rebinding. Can we detect dinitrosyl heme from this process? Because this process would involve a second NO molecule from the solution, it is unlikely to occur with such a fast rate. The Soret absorption spectra of dinitrosyl porphyrins were observed only in organic solvents (41, 42) with a maximum at 416-418 nm (e = 140 × 10 3 M −1 ·cm −1 ), clearly separated from other species (42, 43) . Albeit the maximum can be shifted in organic solvents with respect to water buffer, additional kinetic components would be expected if a dinitrosyl heme intermediate were involved. However, the kinetics reported here disclose only two phases, whose amplitudes have a wavelength dependency inconsistent with the dinitrosyl formation or decay. No components can be directly attributed to transient dinitrosyl, leading to the conclusion that proximal NO binding to sGC, replacing His 105 , is not detected in these kinetics. In brief, the decay of dinitrosyl, if it exists, is probably much faster than its formation, making it impossible to detect directly after NO diffusion from solvent. Our data can be entirely accounted for by a one-site model of heme dynamics (Fig. 5) , and there is no need to include the hypothetical NO proximal binding.
In any case, should NO proximal binding occur at a larger NO concentration, it would imply that the rebinding of His 105 creates a kinetic gate, as demonstrated in the case of bacterial cytochrome c′ (30) . In that case, NO could not rebind geminately to the heme once it has moved out of the heme proximal pocket, contrary to distal binding. A very strong implication of the proximal binding is that the deactivation process is mechanistically different at low and high NO concentrations.
Structural Allosteric Transition. An important observation reported here is that the same coordination transition, the cleavage of the Fe-His bond, takes place with two very different time constants (Fig. 5 B and C vs. F and C) . Either NO geminate rebinding from within the heme pocket to the 5c heme (τ G2 = 6.5 ns) forming a 6c-NO intermediate with subsequent cleavage of the Fe-His bond (τ 5C1 = 0.66 μs) or NO binding after diffusion from the solution (τ 5C2 = 10 ms with 200 μM) leads eventually to the formation of 5c-NO heme. The mere fact that the conversion 6c-NO → 5c-NO can take place with very different time constants (0.66 μs and 10 ms) implies that the conformation of the protein is different in both cases. In other terms, the species 6c-NO can adopt two states that differ in their energy and structural constraints, showing that a structural relaxation occurred between both, which corresponds to the allosteric transition between the resting state and the activated state, leading to cGMP synthesis. This transition of sGC occurs in the time range of 1 μs < τ R < 50 μs (considering the lower limit reached when [NO] = 200 μM) between geminate and bimolecular rebinding of NO, and similarly with CO, whose dynamics are influenced by the allosteric state of sGC (44) .
After NO release from the heme, even if the Fe-His bond has been reformed, sGC remains in the activated state for a few microseconds and its conformation is such that the strains exerted on His 105 considerably facilitate the Fe-His bond cleavage if NO rebinds in the distal position, rendering the NO transeffect more efficient. The structure of the activated state favors the release of proximal His with respect to the resting state. Conversely, the larger time constant for Fe-His bond cleavage indicates a less efficient trans-effect due to lower structural strains on His 105 in the resting state. The activation and deactivation of sGC do not follow the same time constants as His 105 rebinding, and heme coordination changes due to energy barriers for tertiary and quaternary changes. This conformational transition involves parts of all domains within both subunits of sGC, as demonstrated by hydrogen-deuterium exchange analysis (15) .
By analogy with hemoglobin (45, 46) , the allosteric states of sGC can be named as "relaxed" (R) and "tensed" (T), respectively. In the T state of hemoglobin, the constraints within the protein structure were also demonstrated via the Fe-His bond, in conditions where it could be broken upon diatomic binding (47) . Remarkably, the time range that we have inferred for the allosteric transition in sGC (1-50 μs) corresponds to the time constant of the R ↔ T allosteric transition in tetrameric hemoglobin measured by electronic transient absorption (10-20 μs) probing the heme level (48, 49) , by time-resolved Raman spectroscopy (17 μs) probing aromatic side chains (50) , or by transient X-ray scattering (2 μs) probing the quaternary and tertiary overall structure (51) . The allosteric transition was also demonstrated for a dimeric hemoglobin in the time range of 1-80 μs by transient X-ray crystallography (52), whereas a 20-μs relaxation of the polypeptide chain was also probed by IR absorption in nonheme protein (53) . Thus, the allosteric transitions appear generally to reside in this early microsecond time range.
In summary, the measurement of heme coordination changes over 11 temporal decades allowed us to identify the time range of allosteric transition in sGC and to demonstrate that NO cannot bind from solution to the 4c heme because of the His 105 rebinding in 70 ps, which is almost energy-barrierless. This proximal histidine binding provokes a kinetic gate four orders of temporal magnitude faster than the cleavage of the Fe-His bond by NO trans-effect in the activated state of sGC.
Materials and Methods
Purification of SGC and Sample Preparation. sGC was purified from beef lung, and its activity was assayed as previously described (25) . sGC was obtained directly in the ferrous state after the last column (λ max = 432 nm; Fig. 2A ). The final buffer was 25 mM TEA (triethanolamine), 50 mM NaCl, 1 mM DTT (dithiothreitol), and 1 mM MgCl 2 at pH 7.4. An aliquot of sGC in buffer (70 μL at ∼20 μM) was put in a 1-mm optical pathlength quartz cell (110-QX; Hellma) sealed with a rubber stopper, and degassed with four cycles of vacuuming and purging with argon (99.999%; Air Liquide). For preparing NO-liganded sGC, 1% NO or 10% (vol/vol) diluted in N 2 (Air Liquide) was directly introduced in the vacuumed spectroscopic cell through the gas train, yielding 20 μM NO in the aqueous phase. A second stopper in silicone, with vacuum grease, was stacked on the cell. Steady-state absorption spectra (UV-1700 spectrophotometer; Shimadzu) were recorded for monitoring the evolution of NO binding and after the laser measurements to verify the state of the sample. The absorbance of the nitrosylated sGC samples was in the range of 0.2-0.3 at the maximum of the Soret band.
Picosecond Time-Resolved Absorption (1 ps to 5 ns). Time-resolved picosecond absorption was performed using the pump-probe laser system previously described (54) . The photodissociation of NO was achieved with an excitation pulse at 564 nm whose duration was ∼40 fs with a repetition rate of 30 Hz. The broad-spectrum probe pulse was generated by means of a continuum. The transient absorption spectrum after a variable delay between pump and probe pulses was recorded with a CCD detector coupled to a spectrometer. The same sample quartz cell (1-mm optical pathlength) was used for recording the equilibrium spectra and the transient absorption. The temperature was 18°C during all measurements. Up to 50 scans were averaged.
Transient spectra were recorded simultaneously with kinetics as a timewavelength matrix, and the decay of heme electronic excited states was taken into account (54) . Kinetics at individual wavelengths were fitted to the sum of a minimum number of exponential components.
Nanosecond to Millisecond Time-Resolved Absorption (5 ns to 0.3 s). For this extended time range, we have used a home-built spectrophotometer comprising two lasers, which are electronically delayed (32) . The dissociating pulse is provided by the second harmonic (532 nm) of a neodymium-doped yttrium aluminium garnet (Nd/YAG) laser and has a duration of 6 ns. The probing pulses (6 ns at FWHM) were provided by a tunable optical parametric oscillator pumped by the third harmonic of an Nd/YAG laser (Continuum). The sample cell compartment and light collection design allowed us to record signal variations of ΔOD/OD < 10 −5 . The kinetics of differential absorption changes were probed at particular wavelengths by tuning the OPO (optical parametric oscillator). Four scans were averaged for each kinetic value. Time delays after the dissociating pulse were changed linearly from 1 to 30 ns and were then changed with a logarithmic progression from 30 ns to 0.2 s. The kinetics at different wavelengths were globally fitted by using the same time constants.
